HCN is becoming a popular choice of molecule for studying star formation in both low and high mass regions and for other astrophysical sources from comets to high red shift galaxies. However, a major and often overlooked difficulty with HCN is that it can exhibit dramatic non-LTE behaviour in its hyperfine line structure. Individual hyperfine lines can be strongly boosted or suppressed. In low mass star forming cloud observations, this could possibly lead to large errors in the calculation of opacity and excitation temperature while in massive star forming clouds, where the hyperfine lines are partially blended due to turbulent broadening, errors will arise in infall measurements that are based on the separation of the peaks in a self-absorbed profile. This is because the underlying line shape cannot be known for certain if hyperfine anomalies are present. We present a first observational investigation of these anomalies across a wide range of conditions and transitions by carrying out a survey of low-mass starless cores (in Taurus and Ophiuchus) and high mass protostellar objects (in the G333 giant molecular cloud) using hydrogen cyanide (HCN) J=1→0 and J=3→2 emission lines. We quantify the degree of anomaly in these two rotational levels by considering ratios of individual hyperfine lines compared to LTE values. We find that all the cores observed demonstrate some degree of anomaly while many of the lines are severely anomalous. We conclude that HCN hyperfine anomalies are common in both lines in both low mass and high mass protostellar objects and we discuss the differing hypotheses for the generation of the anomalies. In light of the results, we favour a line overlap effect for the origins of the anomalies. We discuss the implications for the use of HCN as a dynamical tracer and suggest in particular that the J=1→0, F=0→1 hyperfine line should be avoided in quantitative calculations.
INTRODUCTION
While hundreds of molecules have now been detected in molecular clouds, there are only a handful of molecules that are useful as robust dynamical tracers. A good probe species E-mail: loughnane.robert@gmail.com (R. M. Loughnane); matt.redman@nuigalway.ie (M. P. Redman) must be abundant enough to be readily observed and it must also be excited at high densities, so that it can trace the deep dense interior of molecular clouds (where the key dynamical processes take place) rather than just the low density outer layers. The species must also be chemically well behaved so that its abundance relative to hydrogen varies predictably. HCN matches all of these qualities and, at first sight, appears to be one of the very best tracers Figure 1. Top: Expected line shape for optically thin HCN J=1→0 in a low mass cold quiescent molecular cloud compared with a JCMT observation of a low mass protostellar core, L1197. The J=1→0, F=0→1 hyperfine line, marked 'A' is boosted far above its expected strength. Bottom: Expected line shape for optically thin HCN J=1→0 in a massive turbulent molecular cloud (which increases the line width). This is compared with a Mopra observation of a massive core in the G333 cloud. Again the component marked 'A' is boosted but is also much broader than the other components. This strongly suggests that line overlap effects at higher energy levels are significant. of molecular gas in space. HCN was discovered in space by Snyder & Buhl (1971) and examples of the objects it has been recently used to observe include comets (Hogerheijde et al. 2009; Friedel et al. 2005; Hirota et al. 1999) , planetary atmospheres (Marten et al. 2002) , evolved star atmospheres (Schilke et al. 2000; Schilke & Menten 2003) , quiescent nearby low mass stellar nurseries (Yun et al. 1999; Park et al. 1999) , distant massive star forming regions (Hennemann et al. 2009; Boonman et al. 2001 ), active galaxies (Kohno et al. 2003) and molecular clouds in the high redshift universe (Gao & Solomon 2004) . In particular, HCN has been used routinely as an infall tracer in low mass starless cores (Tafalla et al. 2006; Sohn et al. 2007; Choi et al. 1999) and also in high mass star forming regions (Wu et al. 2005) .
HCN has a hyperfine structure due to the nuclear quadrupole moment of 14 N. This is potentially very useful since the optical depth and self-absorption could be measured by examining individual hyperfine lines while different rotational levels would give a measure of excitation temperature.
There is however, a major and often overlooked difficulty with using HCN for any quantitative calculations in that it has a rather pathological and puzzling hyperfine structure. In an early paper on this, Walmsley et al. (1982) , using observations of HCN J=1→0 in a low mass star form- Table 1 ing cloud (TMC 1), demonstrated that the hyperfine components are present in ratios that mean they are not in thermal equilibrium with each other. The strengths of the individual hyperfine lines are 'anomalous' in that they can appear boosted or suppressed far beyond what would be expected from an LTE analysis (or even from a standard non-LTE radiative transfer calculation). This phenomenon of hyperfine anomalies can also be seen in N2H
+ (Keto & Rybicki 2010; Daniel et al. 2007) , and deuterated nitrogen species (Turner 2001) but is not seen in other species with hyperfine lines, such as C 17 O, for example (Redman et al. 2002) .
The underlying mechanism for the HCN anomalies has never been fully settled with possible suggested causes including turbulent overlap, radiative scattering and line opacity effects (e.g. Guilloteau & Baudry 1981; Cernicharo & Guelin 1987; Gonzalez-Alfonso & Cernicharo 1993; Turner et al 1997) . New observational data, coupled with radiative transfer codes that implement full line overlap offer the possibility of a solution to this long standing problem, which will be timely in view of the beginning of the Atacama Large Millimeter Array (ALMA) era.
In this paper, an attempt is made to systematically investigate the HCN anomalies observationally. We present the combined results of a HCN molecular line survey carried out for this purpose toward 25 low mass starless cores in Taurus and Ophiuchus and towards 7 massive star forming turbulent cores in the G333 complex. We find that the anomalies are widespread in both classes of object. Our study marks the first identification in massive star forming regions of the same anomaly as observed in many of the low mass cores. We have in addition, for the first time, observed two anomalous rotational lines towards the same source. In §2 we review the microphysics of the formation of the HCN hyperfine lines. §3 details our source selection criteria, the molecular transitions and the telescopes used. In §4, the results are presented and a method of systematically characterising the degree of anomalousness is described. An analysis of the hyperfine line ratios is then presented. Finally, in §5, we summarise our findings and discuss the implications of our results. for HCN J=1→0 versus µJ=1→0=0.11D for CO J=1→0) so that the lower transitions of HCN, especially, prove to be excellent tracers of dense molecular gas in star-forming clouds as well as in stellar complexes such as galaxies. This is due to the critical densities of rotational transitions obeying ncrit ∝ µ 2 ν 2 J→J−1 , for optically thin lines at frequency νJ→J−1, allowing the HCN transition lines to trace ≈100-500 times denser gas than corresponding CO transitions (Papadopoulos 2007) . HCN possesses a dominant end nitrogen atom that means it is less prone to surface effects on dust grain mantles, in particular freeze-out, compared to other more abundant H2 mass tracers such as HCO + or C 17 O (Freed & Mangum 2005) . Thus HCN remains abundant in the gas phase in the cold central regions of star-forming cores.
The (nuclear quadrupole) hyperfine structure of HCN is solely due to the non-vanishing electric quadrupole moment of the end 14 N nucleus (Q14 N =20.44 ± 0.03mb 2 ), which can lead to line splitting of the order of several MHz, resulting in an easily identified split line structure (with rotational transitions in the GHz range). By taking ratios of the relative intensities of neighbouring hyperfine lines one can constrain the optical depth of a given region in the cloud. Since hyperfine lines belonging to a particular rotational transition differ by a few MHz in frequency, there should be little concern regarding the coupling of the telescope beam. The physical properties of a source such as the density, the temperature, and molecular abundance depend on the optical depth and so the hyperfine structure should be taken into account upon analysing spectral line observations (Keto & Rybicki 2010) . Table 1 gives the hyperfine line frequencies and their relative intensities. Under LTE or optically thin conditions, the ratios of the relative intensities of the neighbouring hy-1 1 Debye [D] = 10 −18 statcoul cm 2 mb ⇒ milli-electron-barns, 1 barn=10 −24 cm 2 2 mb ⇒ milli-electron-barns, 1 barn=10 −24 cm 2 perfine lines in each of the two rotational transitions considered here generally adhere to a set of fixed constants/limits. The relative weightings, given such conditions, in the case of the lower rotational transition are of the form 1:5:3 (or 0.111:0.555:0.333 in terms of relative intensities) for HCN J=1→0. For HCN J=3→2, four of the six hyperfine lines are not spectrally resolved and the spectrum takes the appearance of one strong central component and two satellite lines, with a ratio of 1:25:1 between them.
As a preview of the observations presented below, Figures 1 and 2 show clear examples of the anomalies. Figure 1 shows the theoretically expected optically thin line profile for HCN J=1→0 for turbulent widths appropriate for low mass star formation regions (top left panel) and massive star formation regions (bottom left panel). Alongside these are example observations that clearly show the anomalies: the component marked A should go from being the weakest of the three hyperfine lines, in the optically thin limit, to equal in strength to the other components in the optically thick limit. Instead, in both types of region, it is either the broadest or strongest component of the profile. Figure 2 shows that a similar effect is present in the higher excitation HCN J=3→2 line. As will be shown in this paper, it is clear that the hyperfine anomalies are present not only in the ground state of HCN in low mass star forming regions but also in other levels and in massive star forming environments. Since these anomalies are common this must currently render any quantative interpretation of the spectrum of HCN insecure at best.
OBSERVATIONS AND RESULTS

Low mass star forming clouds
In order to quantify the presence of HCN anomalies in low mass star forming clouds, we collected observations of both the HCN J=1→0 and HCN J=3→2 lines for a selection of nearby low mass starless cores.
The sources were primarily chosen from a comprehensive HCN J=1→0 survey in HCN and HNC, catalogued by Sohn et al. (2007) using the Taeduk Radio Astronomical Observatory (TRAO) in Korea. The majority of these objects, being well-known Taurus-Auriga and Ophiuchus sources, were selected by Sohn et al. (2007) as being associated with the central peak of the (1,1) inversion transition of NH3, as observed by single-dish radio telescopes, and hence tracing dense gas (Lee et al. 1999 ). The objects surveyed are found to be at various distances (see Table 6 , at the end of the manuscript) and have luminosities in the range 0.1 to 0.5 L . Sohn et al. (2007) kindly supplied us with their data which form all of our HCN J=1→0 line profiles.
The cores to be observed in HCN J=3→2 were selected on the basis of how bright the central F=2→1 hyperfine component was in the HCN J=1→0 rotational transition since it was anticipated that if this particular hyperfine transition was strong then the probability for a detection in the J=3→2 rotational transition of HCN was improved. Cores that were also clearly anomalous in the HCN J=1→0 line were further prioritised. Table 2 summarises the telescopes and setups used to collect the data. The bulk of the HCN J=3→2 (265.8862 (Bensch et al. 2001 ).
GHz) emission line observations for the low mass sources were carried out at the James Clerk Maxwell Telescope (JCMT) between September 2007 and July 2008 in band 5 (τ225 0.2) conditions. Single-point observations were obtained for 30 sources in position-switching mode with a predefined off-position of 500 in an arbitrary direction. The ACSIS digital autocorrelation spectrometer with a bandwidth of 250MHz was used providing a velocity resolution of ∼0.034km s −1 . The receiver noise temperature (DSB mode) was 510-850K. The telescope main-beam efficiency was 0.69 and the half-power beam width (HPBW) was ∼20 in the range 225-285GHz.
Data from supplementary sources were gathered from the JCMT archive. This data consisted of HCN J=3→2 line observations towards six starless cores L1495A-N, L1544, L1517B, L1512, L1521F and L1622A-2 which were carried out between February and March 2005, typically in band 2 (τ225 0.06) conditions. The DAS (which preceded AC-SIS at the JCMT) was used in frequency switching mode and with a velocity resolution of 0.088 km s −1 . The system temperature during the course of this observing run varied between 250 and 380K. These starless cores were mapped in HCN J=3→2, in a strip of five successive positions across each core. We used the central position data in the analysis below but data such as these could be used to investigate how the anomalies vary within a single source.
Additional data, from IRAM and KOSMA, for two sources complete our database. These are J=3→2 and J=4→3 data for the two starless cores, L1498 and TMC-1 respectively, both part of the Taurus-Auriga complex. The former data has been extracted from a molecular survey of two prototypical starless cores carried out by Tafalla et al. (2006) whilst the latter core data was supplied from line observations taken by Ahrens et al. (2002) . Table 6 , at the end of the manuscript, lists all the sources observed and gives the detections statistics. There were 11 sources with no detection.
Figure 3 displays HCN J=1→0 and J=3→2 line profiles for most of the low mass sources. For the low mass sources it can be seen that the HCN J=1→0 hyperfine lines are well separated and resolved. By reference to Figures 1 and 2 it is readily apparent that the HCN anomalies are present in many of the sources; the leftmost hyperfine line should never exceed in strength either of the other two hyperfines. For many of the sources, the individual line profiles exhibit either red or blue asymmetry. Such signatures are interpreted as being due to dynamical activity such as infall, outflow, rotation or pulsation that gives doppler shifts in excess of the thermal/turbulent line widths (e.g. Mardones et al. 1997; Carolan et al. 2008; Redman et al. 2004; Alves, Lada, & Lada 2001; Redman, Keto, & Rawlings 2006) . Examining these dynamical properties is beyond the scope of this work but many of the low mass sources have been widely investigated elsewhere. However, it is very much worth pointing out that for several of these sources, the HCN J=1→0, F=0→1 (highest frequency, blue-wards) hyperfine has the reverse of the red or blue asymmetry present in the other two hyperfines (e.g. L1521B, L204C-2, L234E-S). This is not likely to be explicable in terms of the bulk dynamics taking place in the source (see, for example, Stahler & Yen 2010 who model such asymmetries in the HCN hyperfine lines, but do not address the anomalies) and is instead likely to be part of the microphysics of the hyperfine anomalies. This effect is returned to in the discussion section.
As described in §2 the low mass HCN J=3→2 profile can be considered to be composed of a strong central component with two satellite lines. Again, the anomalies are readily apparent in many of the sources. The left satellite line is heavily suppressed and the right satellite is boosted to comparable or higher strength than the central component. The central component is marginally resolved at the thermal and turbulent line widths present in low mass star forming regions so the line shape is complex as a result of partial blending and dynamical effects in the source. The right satellite would provide a better guide to the underlying line shape of each hyperfine in these conditions. For the sources with detections, Table 7 , at the end of manuscript, gives the antenna temperature of the strongest hyperfine and the integrated HCN J=1→0 and HCN J=3→2 hyperfine line intensities.
Massive star forming regions
An excellent example of a massive star forming region is the G333 molecular cloud associated with the RCW 106 Hii region. This giant molecular cloud complex spans an ∼ 0.7 deg 2 region, and is ∼ 3.6 kpc away. G333 has been the subject of a large multi-molecular line legacy survey using the 22-m Mopra Telescope of the Australia Telescope National Facility ( NOTES.
- (1) details of the observational setup is available in Lo et al. (2009) . We used this Mopra data set to identify individual massive star forming cores in HCN J=1→0 emission. Because this region is distant and very confused, and multiplicity is common in massive star formation, it was important for the present study to identify clear isolated examples of massive cores. HNC is often co-spatial to HCN but is less abundant (though see Sarrasin et al 2010) and exhibits no hyperfine structure 3 . Therefore, clumps of HNC emission that exhibit single peaked line profiles are likely signposts of isolated dense cores that will be bright in HCN. We identified seven new HCN sources in the G333 data cube in this way. These sources were detected in the 1.2 mm emission catalogue G333 of Mookerjea et al (2004) and their cold temperatures and dust masses ranging from ∼ 400 − 1200 M , mark them as cold massive cores. The positions of the seven sources are displayed in Figure 4 and are noted in Table 3 . Figure 5 displays the HCN J=1→0 line profiles from these seven cores. For these massive core HCN J=1→0 lines, the three individual hyperfine components are still clearly identifiable but, due to the greater degree of turbulence, the line widths are much greater and are comparable to the separation of the hyperfines. The resulting hyperfine line parameters for the HCN J=1→0 data for each of the seven massive cores are summarised in Table 3 . The anomalies here are of a notably different character in that now the line widths of the individual hyperfines can be different as well as the line strengths. The presence of a variation in the line widths of individual hyperfine lines within a single rotational transition is an important result in the context of the origin of the anomalies and is returned to in the discussion section later in the paper.
visually. In order to characterise the anomalies in a quantative fashion, we here define the methods used to quantify the degree of anomalousness in the two rotational transitions. The character of the anomalies is then analysed for the two types of star forming region.
HCN J=1→0
For the HCN J=1→0 transitions, we use the method first utilised by Gottlieb et al. (1975) The ratios R02 and R12 equal 0.2 and 0.6, respectively, under LTE or optically thin conditions. Under optically thick conditions, the lines tend to saturation such that they are of equal intensity i.e. R02 = R01 = 1. Thus the expected, non-anomalous, ranges are 0.2<R02<1 and 0.6<R12<1. Cores with hyperfine spectra displaying ratios lying outside each of the two ranges are described as being the most anomalous, with those outside only one of the above ranges being intermediary anomalous candidates. Those sources of emission with ratios lying within the two ranges represent the non-anomalous cores. The integrated HCN J=1→0 line intensity ratios are recorded in Table 4 .
HCN J=3→2
There are six possible hyperfine lines in HCN J=3→2 but due to blending (the hyperfine splitting decreases strongly with rotational level) it is not possible to resolve the central group of hyperfine lines and the spectrum takes the appearance of one strong central component and two satellite lines. The central group of three hyperfines can be identified as a collective branch that result from a net change of 1 in the total angular momentum quantum number, ∆F=1. One hyperfine branch also belonging to this central group is negligibly weak. The remaining two branches each result in an isolated hyperfine line. With this blending, the op- It is practical then to measure the ratio of the outlying hyperfines to the central component in order to quantify the degree of anomalousness. We introduce the expressions R ∆F(0 − →1) and R ∆F(0 + →1) , hereafter R 0 − 1 and R 0 + 1 which represent the ratios of the central hyperfine branch (∆F = 1) compared with that of leftmost (∆F = 0 − ) and rightmost (∆F = 0 + ) hyperfine branches respectively. The integrated HCN J=3→2 line intensity ratios are recorded in Table 4 . Table 4 summarises our analysis of the collected datasets of the two transitions towards the twenty-nine low mass starless cores that were detected in both lines. Examination of the table reveals that while the anomalies are common, the degree of anomalousness varies between sources. For example, the lower transition ratios are R02=0.95 and R12=0.80 for L1197, and R02=1.18 and R12=1.08 for L1544 (recall that a value of 1 in the case of either ratio represents the LTE condition of saturation in each of the respective emission lines). In the higher transition, the values of the ratios are R 0 − 1 = 0.28 (six times in excess of the LTE value) and R 0 + 1 = 0.78 in the case of L1197 while for L1544 the ratios are R 0 − 1 = 0.64 (fifteen times in excess of the expected LTE value) and R 0 + 1 = 0.58. Thus it can be seen that L1544 is more anomalous than its Ophiuchus counterpart.
Anomalies in low mass star forming regions
Figure 6 displays N2H
+ J=1→0 column density calculated from optical depth data from Crapsi et al. (2005) , who observed the majority of our sources, against the R02 (top) and R12 (bottom) ratios. Recall that in LTE these both of these line ratios must be in the range 0.2 < R02 < 1 and 0.6 < R12 < 1. Each of the hyperfine intensity ratios, R02 and R12 demonstrate a steady increase as a function of the column density of an optically thin tracing species (N2H + J = 1 → 0). This result is largely in keeping with earlier predictions (Zinchenko & Pirogov 1987) . The correlation coefficients calculated from the plotted points are r = 0.5282 for R02 and r = 0.5216 for R12. We consider these to be strong correlation coefficients and therefore conclude that the denser the optically thin line along the line of sight, the more anomalous the corresponding HCN J=1→0 spectrum and that, from this data, it appears that it is the R12 hyperfine ratio that is most responsive to the N2H + J=1→0 column density.
Anomalies in massive star forming regions
As noted above, a crucial finding in our G333 massive cores is that in all cases one or both of the two outlying HCN J=1→0 hyperfines are significantly broader than the central hyperfine. For example, the line widths of the three hyperfine components of G333.297-0.357 are 7.8, 4.2 and 3.4 km s −1 , a variation of a factor of more than two. As a result of this, to quantify the anomalies, we use the in- tegrated line intensity rather than just the line strength. This method, similar to that used by Lapinov (1989) is described in the Appendix. The hyperfine intensity ratios towards high mass cores were formally computed on the basis of the ratio of their respective line strengths, e.g. R01=T *
A (F = 0 → 1)/T * A (F = 2 → 1). This approach has been applied to the IR source NGC 7538 IRS1 by Cao et al. (1993) , where the respective hyperfine components were subject to considerable partial convergence on account of different broadening schemes and microturbulence. The results of the analysis of the G333 HCN J=1→0 data are presented in Table 5 which demonstrates that while the majority of these cores are anomalous in this transition, the line ratios do not exceed unity.
We do not have corresponding HCN J=3→2 data for the G333 sources but line profiles have been obtained in this transition towards some massive star forming regions. Examples can be seen in Wu & Evans (2003) , Wu et al (2005) and Carolan et al (2009) . At first glance, it would be expected that the hyperfine structure is not resolved in these sources. However, Carolan et al (2009) found that in order to correctly model the HCN J=3→2 spectra, the underlying hyperfine line structure needed to be taken into account in order to correctly measure dynamical processes such as infall. Regarding any hyperfine anomalies, the heavy blending would render an analysis similar to that undertaken for the HCN J=3→2 low mass source data very difficult if not impossible.
Characterising the anomalies
In Figure 7 , we plot the R02 ratio against the R12 ratio for both sets of cores. For the low-mass cores, this involved plotting the ratios after calculations using the integrated intensity values in Table 7 , with the respective errors along each dimension also computed. In relation to the higher mass cores, the G333 objects were plotted using the ratios calculated from the values indicated Table 5 . In the high-mass plot, Fig. 7(b) , we also include the corresponding hyperfine intensity ratios for the eight sample HCN J=1→0 spectra for the sources indicated in figure 1 of Pirogov (1999) . For both sets of readings, we computed corresponding errors based on the analysis using the technique outlined in Appendix A. It can be seen from comparing Figs. 7(a) and 7(b) that the ratios in the high mass cores are more tightly constrained with respect to their collective hyperfine ratios than the low mass sources. This, together with the fact that the high mass cores considered as part of this study do not display hyperfine ratios exceeding unity, indicate that warmer regions tend to form anomalous HCN J=1→0 spectra that favour the pumping of the central F=2→1 hyperfine component, that is, the thermal overlap description considered in Guilloteau & Baudry (1981) . This explanation will be returned to in §5. Due to the relative low densities of our candidate low-mass objects, these figures may also reveal that the conditions conducive to such regions favour pathways of excitation at the quantum level that differ from the LTE routes, as discussed in §5.
DISCUSSION
Hypotheses for the origin of HCN hyperfine anomalies
The HCN hyperfine anomalies are unlikely to be due to a simple non-LTE opacity effect because i) the anomalies are seen in regions of varying column density and nonanomalous clouds are seen with a similar range of density (Lapinov 1989) and ii) non-LTE radiative transfer calculations do not reproduce the anomalies (Stahler & Yen 2010) . Several hypotheses have been presented in the last few decades to account for the anomalies. Radiative trapping in the hyperfine transitions (Kwan & Scoville 1975) , can be ruled out upon closer examination of the molecular physics involved (Lapinov 1989) . Collisional rates for HCN for conditions in dark clouds are now well established (see Sarrasin et al. 2010 for the latest rates, noting also Faure et al. 2007 ) so poor rate data are unlikely to be the cause of the anomalies. Gottlieb et al. (1975) developed an idea which attempted to address the problem by way of probable de-excited photons from the hyperfine lines of upper rotational transitions. This introduced the possibility of line overlap for the first time. Guilloteau & Baudry (1981) developed on this theory in their thermal overlap treatment of the J=2→1 transition for clouds where T=30K. Their treatment demonstrated an overpopulation of the J=1,F=2 level at the expense of the J=1,F=1 and F=0 levels, respectively. With regard to the J=1→0 rotational transition, such an emphasis in population leads to a strengthening of the F=2→1 main hyperfine line and a corresponding weakening the two side hyperfine components. However, our and other observations towards low mass cores show a relative strengthening in these side components so a simple thermal overlap effect involving a single level can be discounted.
A line overlap effect for the HCN hyperfine anomalies
The above studies did demonstrate that it is possible to change the strength of individual hyperfine lines through line overlap and this was further investigated by Zinchencko & Pirogov (1987) . A line overlap treatment involving several rotational levels and including line broadening due to a combination of thermal, doppler and turbulent effects could then offer a promising possible explanation for the anomalies. There are several pieces of evidence from our study that supports such an explanation. 
(iv) Figure 6 . Hyperfine ratios R 02 (top) and R 12 (bottom) versus N 2 H + 1 →0 column densities. The correlation coefficient r is recorded in the top left corner. beyond around the HCN J=4→3 level in low mass clouds and the HCN J=3→2 level in high mass clouds. The hyperfine lines arising from transitions between the J=4,3 and 2 levels could then be sensitive to doppler effects arising from, for example, enhanced or suppressed stimulated emission due to locally doppler shifted photons. This is perhaps what is been seen in two effects noted earlier in the paper. Firstly, in our low mass star forming clouds, several sources exhibited a mixture of blue and red asymmetric line profiles in the same rotational level transition but in all three cases (and noting the very small number statistics) it was the leftmost line (J=1→0, F=0→1) that differed from the other two. Secondly, in our high mass star forming clouds, the hyperfine line widths varied within the same rotational level transition. It is the leftmost hyperfine line involved again, this time being typically significantly wider than the other lines. A line overlap in a higher rotational level transition could be the cause of these effects. In the very narrow lines in the low mass cloud, a small change in line strength at certain wavelengths could disturb the line shape. In the broad lines in the high mass cloud, the leftmost transition appears to have grown in width at the expense of the central component in particular.
In the line overlap hypothesis, the anomalies increase with optical depth, which may also explain the reason why an isotopomer of HCN, H 13 CN, does not exhibit anomalous intensity ratios (e.g. for TMC-1 Irvine & Schloerb 1984) . This species, which is chemically identical to HCN and with an identical dipole moment, is lower in abundance by a factor of 40-50 and so is therefore typically optically thin. The apparent absence of an anomalous feature in this tracers hyperfine spectrum and its close relation to the more abundant HCN, indicates a role opacity effects must play in the formation of anomalous intensities.
A limitation of our observational approach is that for the majority of sources, we were constrained to a single pointing towards the centre of the source. Cernicharo et al (1984) presented the first largescale map of the HCN J=1→0 anomalies, in TMC-1. The anomalies were seen to be spatially extended Figure 7 . HCN J=1→0 hyperfine ratios, R 12 plotted against R 02 , for (a) the 64 low-mass starless sources in Table 1 of Sohn et al. (2007) and (b) the 15 high-mass objects considered in this work, made up from the seven G333 cores indicated in Fig. ? ? and the eight sources in figure 1 of Pirogov (1999) . In (c), both sets of object's ratios are plotted in tandem. LTE ratios for different optical thicknesses would lie on the dashed curves in each figure. but at the low opacity envelope at the edge of the source, the central F=2→1 component remains strong relative to the two side components (Guilloteau & Baudry 1981; Cernicharo & Guelin 1987) while closer to the centre, the F=0→1 component is at its strongest. This could be another manifestation of the opacity dependence for the anomalies discussed above. Cernicharo et al (1984) describe a concept by which radiative scattering of the photons emitted from the high density core is taking place at the lower density periphery. This mechanism can reproduce the extremely small HCO + /H 13 CO + intensity ratios observed towards Heiles Cloud 2 (which contains TMC-1) (Cernicharo & Guelin 1987) and could play a significant role in the radiative transfer of HCN.
Another possible contributing factor to the presence of the anomalies involves considering the allowed downward pathways of excitation to the lower rotational state hyperfine energy levels. We examined all possible downward pathways from the J=7 level to the J=0 level in HCN. There are 36 different allowed routes via the different hyperfine transitions from this upper level, J=7, to the lower J=1 level. Remarkably, there is only one pathway out of the 36 that leads to emission of the leftmost lower hyperne transition in HCN, the J=1→0, F=0→1 line (which is involved most in the two effects described above). Three of the J=3-2 component hyperne lines also only have one allowed route to them. When we considered the same situation for N2H + , the number of pathways leading to line excitations as a result of transitions to each of the lower hyperfine levels, JF1F = 011 and 012, is 2-2.5 times that leading to excitation due to transitions to the JF1F = 010 level, thereby exhibiting a similar pattern to HCN above. In contrast, a similar exercise for a non-anomalous hyperfine species, C 17 O, shows an even number of routes down to the lower state hyperne energy levels. Therefore, it seems reasonable to suppose that small changes to the transition probabilities due to line overlap will readily disturb excitation of the HCN J=1→0, F=0→1 line in particular as well as to transitions down to the JF1F=010 hyperfine level in the case of N2H
+ . The C 17 O line profile is much more robust because the lines are assembled from multiple downward hyperfine excitations in an homologous manner, that is, the hyperfine lines in the lower rotational state are excited equally. This may be due to a steady and consistent decrease of the available hyperfine energy levels as the hyperfine energy ladder is dismounted. Thus, if the number of pathways of excitation coming from upper hyperfine energy states and going to lower hyperfine energy states from a given hyperfine state (defined as the reference hyperfine energy state) does not diminish regularly as a result of a particular framework of hyperfine energy states, this will lead to a magnification of preferred routes of excitation down to the J=1 hyperfine levels (as is seen in HCN and N2H + ), perturbations of which result in hyperfine anomalies. It is important to note that this is a simplified argument that only addresses the downward excitation of available hyperfine energy states governed by the selection rules.
It is worth noting that N2H + is also reported to exhibit anomalous hyperfine spectral components towards some sources (Keto & Rybicki 2010; Daniel et al. 2007 ) but not in G333. Since N2H + is found to be concentrate in the centre of dense quiescent cores and not participating in the large scale dynamical phenomenon traced in G333 by species such as HCN, this again points to a velocity doppler shifting causing line overlap being the likely cause of the anomalies.
Observational implications
Our study has shown that the hyperfine anomalies are common in star forming regions. If the line overlap hypothesis discussed above is correct, what are the implications for the use of HCN data in such regions?
Clearly, measuring opacities by examining the relative intensities of the HCN hyperfine lines alone is unsafe and alternative methods should be used. HCN can still be used cautiously as a dynamical tracer species however. In regions where the turbulent velocity is low enough to resolve the HCN J=1→0 hyperfine structure and discern self-absorption effects, then since the F=0→1 appears to be most easily disturbed by line overlap effects, it will present a line profile shape that could be a complicated mixture of dynamical and selective absorption or emission effects. The line width may be affected too. Thus this line is an unreliable dynamical tracer in any source exhibiting resolved HCN (1-0) hyperfine anomalies and the central component should be used instead. In more turbulent sources such as in massive star formation, the J=1→0, F=0→1 hyperfine will give an inaccurate measurement of the line width (but of course a lower abundance species without hyperfine structure would be selected for such a measurement). In summary, it would seem prudent to simply exclude the HCN J=1→0, F=0→1 hyperfine line from any quantative calculation.
For HCN J=3→2 for low mass, low turbulent width sources where the hyperfine lines are partially resolved, the central component should be reliable as a dynamical tracer since it is composed of three blended lines with many possible downward transitions to them. However, since the leftmost hyperfine is typically suppressed and the rightmost satellite boosted, then in circumstances where the lines are not quite resolved the velocity centroid may be miscalculated as lying between the central peak and rightmost satellite giving an error of order ∼ 1 km s −1 (half the separation of the central peak and rightmost satellite). In massive star forming regions, the possible presence of the anomalies mean that it should not be assumed that this line is composed of the central component alone. As discussed in section 4.4, the underlying hyperfine structure must be included to attempt to model infall and outflow using HCN J=3→2 in massive star forming regions (Carolan et al 2009) and if the anomalies are present in the way found for low mass sources then the line shape will be distorted. In particular, constraining the degree of infall by measurements of the degree of line splitting (such as via the method of Mardones et al 1997; see Wu & Evans 2003 for an example) is likely to result in an overestimate compared with using a species like HCO + . The magnitude of the difference in infall measurements between HCN and an alternative tracer species will be of order ∼ 2 km s −1 , the separation of the central peak and rightmost satellite.
Radiative transfer and future work
A full detailed radiative transfer calculation of the line overlap hypothesis is clearly required to verify if the qualitative explanation above is correct. Line overlap, quite often termed line fluorescence has been successfully used at other wavelengths to explain, for example He ii optical line emission from ionized nebulae (Kastner & Bhatia 1990) and X-ray Fe lines very close to accreting massive black holes (Fabian et al. 2000) . Line overlap is very difficult to calculate numerically and is typically not available in publically released radiative transfer codes. However, individual studies have succeeded in using line overlap to model the hyperfine line anomalies. Gonzalez-Alfonso & Cernicharo (1993) used a modified Monte Carlo method to analyse the hyperfine anomalies in terms of the scattering approach described above. Daniel et al. (2007) have analysed the hyperfine component intensities of N2H
+ for several clouds by deriving a consistent set of hyperfine collisional coefficients for this molecule (Daniel et al. 2005 ) as well as carrying out nonlocal radiative transfer calculations of observational data using a large velocity gradient model (Daniel et al. 2006 ). Recently, Daniel & Cernicharo (2008) implemented the Gauss-Seidel algorithm in spherical geometry and included the case of line overlap of hyperfine transitions.
As part of our future work, we are modifying our RT code MOLLIE to use the (Rybicki & Hummer 1992) line overlap algorithm in order to model the HCN anomalies. Our intention is to carry out a constraining of the parameter space giving rise to hyperfine anomalies in each of the two rotational transitions tabulated in Table 7 . It is hoped that the physical conditions common to our full contingent of twentyeight starless cores will allow for such a study to be done at two individual transitions, while our database of 65 starless cores in the HCN J=1→0 transition will allow for the study to be carried out extensively at the lower transition. Such a project will attempt to identify the physical characteristics of the star-forming core that gives rise to the anomalous intensities. This will focus on physical parameters such as the density, thermal as well as turbulent contributions to the line width, the velocity field of the core as well as the temperature gradient. Such constraining will involve the modelling of each core in multiple transitions of several different species with a 3D molecular radiative transport code Redman et al. 2002) .
CONCLUSIONS
While the existence of HCN anomalies have long been recognised in the J=1→0 line (e.g. for TMC1, Walmsley et al. 1982) for low mass star forming sources, our survey shows for the first time that the J=3→2 can also be dramatically anomalous (see Figs. 1 and 2) and that these anomalies are common. Our study shows that massive star forming regions also exhibit hyperfine anomalies in the J=1→0 line. These anomalies, in contrast to those of the low mass star forming sources, are apparent in line widths rather than line strengths.
We favour a line overlap effect for the origin of the anomalies. It is likely that in higher rotational levels, where the hyperfine lines are more closely bunched, line overlap leads to preferred and suppressed radiative decay routes down to the lowest energy levels, where the hyperfines are widely separated, therefore, emphasising the disproportionate intensities. An attraction of the line overlap hypothesis is that is not strongly dependent on cloud column density since it is the form of the thermal, velocity and turbulent widths in the cloud that are the trigger for the anomalies. In a future paper we will carry out a full radiative transfer calculation of the hyperfine spectrum of HCN. in width, comparable with (6) of Table 2 and gives some idea of the degree of noise apparent in weather band 5 observations at the JCMT. In order to allow a computation of the signal-to-noise ratio (S/N) for each of the spectra, the noise flux in the same region assessed in column eleven is listed in column 12 (in K kms
−1
).
The units of right ascension (R.A.) are in hours, minutes, and seconds, and units of declination (Decl.) are in degrees, arcminutes and arcseconds. Values in braces in (9) and (12) represent negative values found in analysis of corresponding spectra. Values in parentheses represent negative quantities. 
(8) Table 1 of (Sohn et al. 2007 ). Columns (3),(4) & (5) reproduce the computed integrated emission for each hyperfine component of the J=1→0 transition, that is, J,F = 1,0→0,1, J,F = 1,2→0,1, J,F = 1,1→0,1 respectively. The same assessment was carried out for the higher rotational transition in columns (7), The leftmost component, J,F = 3,3→2,3 for these sources was quite diminished and so a region of width equivalent to that of the rightmost component and with the correct offset was integrated. ‡ Noisy spectrum shifted upward by an amount equivalent to presumed baseline in order to give correct integrated flux for leftmost component, J,F = 3,3→2,3.
